Vibrational spectrum of vinyl bromide cation in the ground electronic state was obtained by one-photon mass-analyzed threshold ionization ͑MATI͒ spectroscopy using coherent vacuum ultraviolet radiation generated by four-wave difference frequency mixing in Kr. From MATI spectrum, ionization energy to the ground state of the cation was determined to be 9.8171Ϯ0.0006 eV ͑79 180Ϯ5 cm Ϫ1 ͒. Almost complete vibrational assignments for the peaks in the MATI spectrum were possible by utilizing vibrational frequencies and Franck-Condon factors calculated at the Becke three parameter Lee-Yang-Parr (B3LYP)/6-311ϩϩG(d f ,pd) level. Franck-Condon analysis for one-photon MATI spectra is especially useful because calculations of only the ground electronic states are involved while that for two-photon MATI spectra requires excited state calculations.
I. INTRODUCTION
Spectroscopy of polyatomic ions is of fundamental importance for the study of chemistry in various systems 1 such as flame, atmosphere, interstellar space, etc. Determination of their vibrational frequencies is especially important for the development, test, and application of dynamics theory for ion reactions. 2 Even though infrared absorption and Raman spectroscopies are routinely used for neutrals to probe their vibrational structures, these are not generally applicable to gas-phase ions mainly due to the difficulty in preparing high concentration of charged particles. Optical emission and laser-induced fluorescence spectroscopies 3, 4 are not generally applicable either because most of the polyatomic cations do not fluoresce. Photoelectron spectroscopy ͑PES͒ 5, 6 is useful to investigate the electronic hole states generated by removal of an electron from occupied orbitals. Resolution of a stateof-the-art PES spectrometer is typically 10 meV ͑80 cm Ϫ1 ͒, which is not good enough to get vibrational and rotational information on polyatomic cations. Vibrational structures have been observed for some PES bands, however. Their assignment with the aid of quantum chemical calculations and Franck-Condon analysis has provided the bulk of vibrational information on molecular cations available in the literature together with results from matrix isolation study. 7 Zero kinetic energy ͑ZEKE͒ photoelectron spectroscopy [8] [9] [10] which was invented recently may be regarded as an offspring of PES. Here an electron in an occupied orbital of a neutral, usually the highest occupied molecular orbital ͑HOMO͒, is excited to a high Rydberg orbital very close to the ionization limit, detached by pulsed-field ionization ͑PFI͒, and detected. Mass-analyzed threshold ionization ͑MATI͒ 11, 12 is its variation, which detects ions rather than electrons. Capability to identify ions and possibility to generate state-selected ions are the main advantages of the latter. 13 Usual approach to record a ZEKE or MATI spectrum is to use two-color ''1ϩ1'' scheme. Here the neutral in an excited electronic state is prepared by the first photon, which is further excited to a high Rydberg state by the second photon. The fact that the first excited states of most of the molecules are not accessible with a commercial dye laser output ͑Ͼ210 nm͒ and that transitions to these states show broad structureless bands 14 in most of cases are the major limitations to the use of this scheme. For example, C 2 H 3 Br investigated in this work shows broad structureless bands with onsets at ϳ5 and 6 eV due to Ã ←X and B ←X transitions, respectively. 15 Even though well-resolved vibrational structure is observed for the C ←X transition, this is not a good intermediate state in the two-photon scheme because its onset ͑ϳ7.4 eVϭ170 nm͒ is beyond the reach of commercial dye lasers. Onephoton ZEKE or MATI using coherent vacuum ultraviolet ͑VUV͒ radiation generated by four-wave mixing is free from such difficulties because the transition occurs directly from the ground state to a Rydberg state, not intermediated by an excited electronic state of neutral. 16, 17 One-photon MATI spectra of benzene and its derivatives reported recently by this laboratory show well-resolved vibrational peaks of the corresponding molecular cations. 17, 18 The spectra look strikingly similar to vibrational spectra which are routinely recorded for neutrals, especially Raman spectra, in the sense that the spectra are dominated by fundamentals with proper symmetry. 10 In the above examples, fundamentals of C-H stretching vibrations appeared very weakly even when the symmetry was appropriate while overtones of some vibrations appeared prominently. These were explained qualitatively by comparing the geometries of the neutral in the ground and Rydberg states and by invoking the Franck-Condon principle. Geometry of the cation in the ground state was used instead of that of the ion core of the a͒ Author to whom correspondence should be addressed. Electronic mail: myungsoo@plaza.snu.ac.kr Rydberg state because removal of a Rydberg electron would hardly affect the latter. Since ZEKE or MATI involves various processes other than the Rydberg←ground transition, however, a quantitative comparison between experimental and calculated spectra is needed to check the validity of the above explanation. This requires reliable quantum chemical calculations of the vibrational frequencies and the FranckCondon factors.
Vinyl bromide (C 2 H 3 Br) has been chosen in this work to see if one-photon MATI spectrum can be reproduced by quantum-chemical calculations. The molecule is simple enough to enable reliable quantum chemical calculations, which is one the reasons for choosing it as the test case. The point group symmetry of the neutral and cation, C s , is low such that transitions to the fundamentals of several vibrations are electric-dipole allowed. This enables a rather comprehensive test of the above explanation, which is the second reason for choosing C 2 H 3 Br.
II. EXPERIMENT
Vinyl bromide was purchased from Sigma Aldrich and used without further purification. Gaseous sample was premixed with He at the He-C 2 H 3 Br ratio of ten to one. The gas mixture was expanded supersonically through a pulsed nozzle ͑dia. 500 m, General Valve͒ at the stagnation pressure of ϳ2 atm. The supersonic beam was then introduced to the ionization chamber through a skimmer ͑dia. 1 mm, Beam Dynamics͒ placed about 3 cm downstream from the nozzle orifice. A typical background pressure in the ionization chamber was ϳ7ϫ10 Ϫ8 Torr. The experimental setup was described in detail previously. 16, 17 Two 5 p͓ 1 2 ͔ 0 Ϫ4 p 6 transitions of Kr were used for VUV generation by four-wave difference frequency mixing. 19 The laser light at 212.5 nm ͑ϳ0.5 mJ/pulse͒ or 202.3 nm ͑ϳ0.3 mJ/pulse͒ generated by frequency tripling of 637.6 or 606.9 nm output, respectively, of a dye laser ͑Con-tinuum ND6000͒ pumped by the second harmonic of an Nd:YAG laser ͑Continuum PL8000͒ was used for the excitation. Another dye laser output pumped by the second or third harmonic of the second Nd:YAG laser ͑Continuum Surelite II͒ was combined with the 212.5 or 202.3 nm light and loosely focused with a fused silica lens ( f ϭ50 cm) in the Kr cell to generate the VUV light (2 1 Ϫ 2 ) tunable in the 121-123 or 124 -127 nm range. A MgF 2 lens ( f ϭ25 cm) was placed at the exit of the Kr cell and the laser beams were aligned off-centered at the lens to separate the residual light beams ͑UV and visible͒ from the VUV light, which was focused onto the molecular beam. The optimized Kr pressure in the cell was 8 -13 Torr. Small portions of dye laser outputs were used to calibrate their frequencies based on the optogalvanic effect in a Fe-Ne hollow cathode lamp. 20 Its precision was Ϯ0.5 cm Ϫ1 in the visible region. The VUV laser pulse was collinearly overlapped with the molecular beam in a counter-propagation manner and slit-electrodes along the beam path were used to maximize ion collection efficiency. The spoil field of 0-0.2 V/cm was applied in the ionization region to remove directly produced ions. To achieve pulsed-field ionization ͑PFI͒ of neutrals in the ZEKE state, an electric field of 15-90 V/cm was applied at a certain delay time after the VUV pulse. Ions were then accelerated, flied through a field-free region, and were detected by a dual microchannel plate detector. A short pulse of the scrambling field was applied at the laser irradiation time, which significantly lengthened the lifetime of the ZEKE states. 15, 16 Use of the scrambling field, a long delay time ͑ϳ20 s͒, and low spoil field tremendously improved the quality of the MATI spectra.
III. COMPUTATIONAL
Quantum chemical calculations were done for the vinyl bromide neutral and cation in the ground electronic state at the Hartree-Fock ͑HF͒, the second-order Møller-Plesset perturbation theory ͑MP2͒, and B3LYP density-functional theory ͑DFT͒ levels using GAUSSIAN 98 21 suite of programs. Size of the basis set was systematically increased until the basis set dependence disappeared. Equilibrium geometries, hessians, and vibrational frequencies were obtained for the neutral and cation.
A. Franck-Condon factors
Assuming that the properties of the ion core in a high Rydberg state be well approximated by those of the cation, Franck-Condon factors 23 for the Rydberg←ground transition were calculated with the above quantum-chemical data using the method of Sharp and Rosenstock. 22 A brief account of the method is as follows.
The vibrational wave function under harmonic approximation can be written as
Q͒. ͑1͒
Here v is the vibrational state vector designating the quantum number for each mode, Q is the normal coordinate vector, ⌫ is the diagonal matrix of reduced frequencies 4 2 i /h, H is the Hermite function, and N v is the normalization constant. In the calculation of the Franck-Condon factor for the vЈ←vЉ vibrational change in the Rydberg ͑Ј͒←ground͑Љ͒ transition
it is needed to express QЉ in terms of QЈ, or vice versa. It is known that this can be accomplished by
QЉϭJQЈϩK. ͑3͒
Defining R as the change in equilibrium geometry upon transition and using the internal coordinates SЉ and SЈ satisfying SЉϭLЉQЉ, SЈϭLЈQЈ, and SЉϭSЈϩR, J and K are obtained as follows:
J is called the Duschinsky rotation matrix. Five interatomic distances r(C 1 C 2 ), r(C 1 H 1 ), r(C 1 H 2 ), r(C 2 H 3 ), and r(C 2 Br) and four bond angles ЄH 1 C 1 H 2 , ЄH 1 C 1 C 2 , ЄC 1 C 2 H 3 , and ЄC 1 C 2 Br have been used as the internal coordinates ͑atomic numbering shown in Fig. 1͒ . In addition, three dihedral angles defined with respect to the C 1 C 2 Br plane have been used. These are the angles made by the H 1 C 1 C 2 , H 2 C 1 C 2 , and H 3 C 1 C 2 planes. With the common coordinates established, integration in Eq. ͑2͒ can be carried out. Analytical expression for the Franck-Condon integral in the harmonic limit is available in the literature, 22 which is given as a function of J, K, ⌫Ј, and ⌫Љ.
IV. RESULTS

A. Quantum chemical
At all the levels used in the calculation, the equilibrium geometries of both the neutral and cation had the planar symmetry, namely C s . Considering the valence orbitals only, the electron configuration of the ground-state neutral is (1aЉ) 2 (7aЈ) 2 (2aЉ) 2 , resulting in X 1 AЈ. Here 2aЉ is a orbital with CvC bonding and C-Br antibonding character. 7aЈ and 1aЉ are the bromine 4p nonbonding orbitals parallel and perpendicular to the molecular plane, respectively, n(Br4p ʈ ) and n(Br4p Ќ ). The ground state of the cation, X 2 AЉ, is formed by removal of an electron from 2aЉ. The equilibrium geometries of the ground-state neutral and cation obtained at the HF, MP2, and B3LYP levels with the 6-311 ϩϩG(d f , pd) basis set are listed in Table I . Experimental structural data for the neutral determined by microwave spectroscopy 24 are also listed. Equilibrium geometries of the neutral calculated at the three levels are in good agreement with the experimental results, the MP2 results displaying the best agreement among the three. However, it is not the absolute geometry but its change upon ionization that affects the vibrational band intensities. Geometrical changes upon ionization at the three levels are listed in the table also. It is to be noted that the geometrical changes at the MP2 and B3LYP levels are rather similar while that at the HF level is a little different from the two. From the MP2 and B3LYP results, one expects to observe strong fundamentals and distinct overtones of the CC stretching, CBr stretching, and CCBr bending modes in the one-photon MATI spectrum.
Also affecting the Franck-Condon factors will be the vibrational frequencies or the hessian matrix. Vibrational frequencies of the neutral and cation calculated at the three levels are shown in Table II together with the experimental frequencies for the neutral. Character of each normal mode will be explained later. As is well known, B3LYP results reproduce the experimental frequencies for the neutral very well while discrepancy is significant for the HF results. The same trend has been observed for the cation frequencies which will be presented later. Also calculated were the Franck-Condon factors for the Rydberg←ground transition to be presented later. Those calculated at the B3LYP level are in excellent agreement with the one-photon MATI spectral pattern and will be utilized for vibrational assignment.
B. One-photon MATI spectrum and ionization energy
One-photon MATI spectrum of vinyl bromide recorded by monitoring C 2 H 3 79 Br ϩ generated in the ground electronic state is shown in Fig. 2 81 500 cm Ϫ1 region due to a dip in the VUV output. The spectrum magnified by 10 is shown as an inset in Fig. 2 .
The most intense peak at ϳ79 176 cm Ϫ1 in Fig. 2 corresponds to the 0-0 band. The position of the 0-0 band in a one-photon MATI spectrum is equivalent to the ionization energy. In practice, it is lower than the correct ionization energy, however, because neutrals in the ZEKE states lying some cm Ϫ1 below the threshold can also be ionized when a high PFI field is used. 25 To correct for this effect, the 0-0 position was measured using various PFI fields and the results were extrapolated to the zero field limit. 16 Spoil field was not applied in such measurements. The ionization energy to the ground electronic state of vinyl bromide measured in this work is listed in Table III together with previous  results. 26 -28 There are no reports on the accurate ionization energy of C 2 H 3 Br measured by ZEKE or MATI. It is our experience that the present MATI apparatus which uses high voltage electronics tends to provide ionization energy data a little smaller ͑by 0-5 cm
Ϫ1
͒ than the values measured by ZEKE. 17 The ionization energy of 9.804Ϯ0.004 eV measured recently by PES 26 seems to be erroneous.
C. Vibrational analysis for the cation
Assuming that shift of a vibrational peak in a MATI spectrum due to the applied electric field is similar to that of the 0-0 band, the vibrational frequency of the cation corresponding to each peak can be estimated simply by taking the difference of its position from that of the 0-0 band. Vibrational frequency scale with origin at the 0-0 band position is also shown in Fig. 2 . Vibrational frequencies measured from the one-photon MATI spectrum are listed in Table IV together with mode assignments which will be presented later.
Vinyl bromide cation has 12 nondegenerate normal modes, nine of which belong to aЈ and three to aЉ. According to a previous normal mode analysis, 29 the latter three ͑10,11,12͒ in Mulliken notation are out-of-plane modes. Among the aЈ-type modes, 1 , 2 , and 3 are related to CH stretching, 4 is CC stretching, 5 is HCH bending, and 6 and 7 are CCH bending. Finally, 8 and 9 are modes involving Br, being mostly CBr stretching and CCBr bending, respectively.
Selection rule and Franck-Condon factor
Vibrational selection rule in the one-photon Rydberg←ground transition for vinyl bromide can be derived following the procedure described previously. Under the Born-Oppenheimer approximation, the transition moment can be separated into the electronic and vibrational parts. One can always choose a Rydberg state with proper symmetry such that the transition is electric dipole-allowed. 30, 31 Under the condition of supersonic expansion, most of the neutrals are in the zero-point level of the ground electronic state and hence ⌿ vib G is totally symmetric. Then all the fundamentals and overtones of the totally symmetric modes, aЈ, are electric-dipole allowed. For nontotally symmetric modes, aЉ, only the even number overtones ͑ϭ2,4,6, . . . ͒ are dipoleallowed. Fundamentals of aЉ modes can appear through vibronic mechanism, even though weakly. Intensity of each electric dipole-allowed vibrational peak, either fundamental, overtone, or combination, would be proportional to its Franck-Condon factor. From the characteristics of each vibration mentioned above and the calculated geometrical change upon ionization listed in Table I , one would expect that fundamentals for 4 , 8 , and 9 be prominent and those for the others weak. Also, if overtones and combinations appear, they would involve the former three not the latters. It will be interesting to see whether the experimental spectrum is entirely compatible with this qualitative prediction and whether the calculated Franck-Condon factors can be of help to overcome its deficiency and lead to more reliable assignment.
Vibrational assignments
Vibrational frequencies of C 2 H 3 Br
ϩ in the ground electronic state calculated at the B3LYP/6-311ϩϩG(d f ,pd) level are compared with the experimental data in Table IV 1 is much weaker, in excellent agreement with the experimental results. The peak at 1309 cm Ϫ1 must correspond to peaks at ϳ1300 cm Ϫ1 observed in all the PES studies 26 -28 and assigned to 4 1 . Analysis made here clearly shows that its assignment must be changed to 5 1 . It may be surprising to note that the 5 fundamental with HCH bending character has larger Franck-Condon factor than 4 which is CC stretching even though the CC length changes upon ionization. Upon closer inspection of the normal mode eigen vectors, one finds that both of these have mixed HCH bend- 5 eigenvector overlaps with geometrical change better than that of 4 . It is to be noted that qualitative argument alone might have led to an erroneous assignment for the peak at 1309 cm Ϫ1 . Of the remaining aЈ modes, calculated Franck-Condon factors for 1 , 2 , and 3 which are CH stretching are negligible. This is understandable because the lengths of all the CH bonds hardly change upon ionization, Table I . In our previous one-photon MATI investigations of various benzene derivative cations, 17, 18 the CH stretching vibrations always appeared very weakly. Very small Franck-Condon factors must have been responsible for such observations rather than anything else ͑see discussion to be presented later͒. Extremely weak peaks appear in the 3000-3200 cm Ϫ1 region of the present MATI spectrum, Fig. 2 . We are reluctant to assign them to 1 -3 in view of the very small Franck-Condon factors for their fundamentals in Table IV . It is more likely that they are overtones or combinations. Here again, calculated Franck-Condon factors help us avoid possibly erroneous assignments.
The medium intensity peaks at 1258 and 1037 cm Ϫ1 are close to the calculated frequencies of 6 1 and 7 1 and are assigned accordingly. Intensities of these peaks are smaller than predicted by the Franck-Condon factors. Even though the intensity of 7 1 must be weaker than that of 6 1 according to the Franck-Condon factors, these two have comparable intensities in the MATI spectrum. Closer inspection of the frequencies and Franck-Condon factors in Table IV shows  that 8  1 9 1 combination appears at nearly the same position as 7 1 and its Franck-Condon factor is larger than that of 7 1 . Namely, the peak at 1037 cm Ϫ1 is a composite band of 7 1 and 8 1 9 1 . Its large bandwidth and lower frequency tail are compatible with this assignment.
The calculated Franck-Condon factors for the aЉ modes, 10 -12 , are zero because transitions to the first vibrational levels of these modes are electric dipole-forbidden. Hence fundamentals of these modes would appear very weakly. Very weak, but distinct, peaks at 838 and 392 cm Ϫ1 are close to 853 and 397 cm Ϫ1 calculated for 11 1 Table IV .
V. DISCUSSION
The fact that one-photon MATI is not intermediated by an excited electronic state is its main advantage over the two-photon scheme, which allows general application of the MATI ͑or ZEKE͒ spectroscopy. This is not always an advantage, however, because vibrational information available in the two-photon scheme through intermediate state selection can no longer be utilized. 32 This can be a real handicap in the vibrational study of large polyatomic cations because rich vibrational structure present in a MATI spectrum consisting of fundamentals, overtones, and combinations often makes the assignment very difficult. Vibrational selection rules, isotopic substitution, and quantum-chemical calculations of the structures and vibrational frequencies of the neutral and cation have been utilized in this regard. 33 Franck-Condon principle has often been invoked qualitatively to support the assignment of a particular peak.
One-photon MATI is a multistep event consisting of Rydberg state←ground-state optical transition, ZEKE state←Rydberg state relaxation, and ionization by pulsed electric field. We observed in MATI of various benzene derivatives 17, 18 that CH stretching ͑ϳ3000 cm Ϫ1 ͒ fundamentals were invariably weak even when they were electricdipole allowed. One possible explanation is that some molecules in a Rydberg or ZEKE state undergo ionization during the long delay time used, ϳ10 s, and that the process is vibrational energy ͑or state͒ dependent. Another possibility is that peak intensity in MATI is a relative measure of the Rydberg state population generated by optical excitation and a peak is weak simply because the associated FranckCondon factor in the Rydberg←ground transition is small. The fact that the latter is a more plausible explanation has been clearly demonstrated by comparing experimental peak intensities with the calculated Franck-Condon factors in this work.
Franck-Condon analysis is an important tool in photoelectron spectroscopy. 23 Possible participation of autoionization, which is a two-step process, in addition to direct ionization 6 often makes the calculation complicated and unreliable. In contrast, only one process is involved in MATI ͑or ZEKE͒, namely the bound-bound transition to a Rydberg state. For a Rydberg state converging to the ground electronic state of the cation, its vibrational wave function can be well approximated by that of the ground-state cation. Hence the vibrational wave functions for the neutral and cation in the ground electronic states are needed to evaluate the Franck-Condon factors for the one-photon ZEKE/MATI, which can be obtained reliably and efficiently by various quantum-chemical methods. In contrast, vibrational wave function of the neutral in an excited electronic state is needed for two-photon MATI. Calculating reliable excited state wave functions is rather difficult for polyatomic molecules, which has limited the use of Franck-Condon factors in twophoton ZEKE/MATI. 32 Yang and co-workers simulated onephoton ZEKE spectrum of Nb 3 O by calculating FranckCondon factors at the DFT level. 33 Decent agreement with the experimental data was reported up to 1000 cm Ϫ1 in vibrational energy, even though the basis set used was rather limited due to the presence of metal atoms.
Strategy taken to calculate Franck-Condon factors in this work was rather straightforward in the sense that size of the basis set was increased systematically until it hardly affected the calculated results. Calculation was done above 3000 cm Ϫ1 to include Franck-Condon factors for the CH stretching fundamentals. As has been presented already, Franck-Condon factors calculated at the B3LYP/6-311ϩ ϩG(d f ,pd) level were compatible with the experimental results. Figure 3 shows, in bar graphs, the relative spectral pattern in the experimental data and those calculated at the B3LYP, MP2, and HF levels. All were normalized to the 0-0 band intensity. Variations in the experimental peak intensities due to VUV power were corrected as much as possible by utilizing photoionization signal intensity. 34 Peak area rather than peak height was evaluated. Total intensity of a composite peak was evaluated when resolution into components was difficult. The same was done for the Franck-Condon factors. It is evident from the figure that the spectral pattern obtained at the B3LYP level matches better with the experimental one than the MP2 and HF results, the last being the poorest. Namely, spectral pattern calculated is rather sensitive to the accuracy of the quantum-chemical data. In the present case, agreement between the experimental and calculated frequencies, both for the neutral and cation, is a measure of the accuracy. For two-photon MATI, experimental vibrational frequencies of the neutral in the intermediate electronic state involved are needed, which are not generally available. Namely, Franck-Condon analysis can be a routine tool for vibrational assignment of one-photon MATI spectra while its use for two-photon MATI would require tremendous effort especially for large molecules.
One of the reasons for the successful Franck-Condon analysis of one-photon MATI of C 2 H 3 Br is that geometrical change upon ionization is not substantial. With a dramatic geometrical change such as in the ionization of ammonia, 35 anharmonic region of the Rydberg state will be probed in one-photon MATI. Then, in addition to the usual anharmonicity correction needed, choosing appropriate coordinate system can be important because normal mode eigenvectors calculated with an arbitrary coordinate system are not usually adequate to describe large amplitude vibrations. 36, 37 We calculated Franck-Condon factors using various sets of internal coordinates consisting of bond lengths, bond angles, and dihedral angles in this work. Franck-Condon factors thus calculated differed by 1% or less. As mentioned above, this must have been due to the fact that geometrical change upon ionization is not substantial in this case.
VI. SUMMARY AND CONCLUSION
Vinyl bromide is a good system to test the postulate that intensity of a one-photon MATI peak is nearly proportional to the Franck-Condon factor in the Rydberg←ground transition because it possesses nine totally symmetric modes which are electric dipole-allowed. It has been found that the frequencies and Franck-Condon factors calculated at the B3LYP/6-311ϩϩG(d f ,pd) level are in decent agreement with the experimental spectral pattern while those at the MP2 and HF levels are less satisfactory. Calculated results have been very helpful for vibrational assignment even to minor details. Franck-Condon analysis is thought to be a especially useful tool for one-photon MATI because only the ground state calculations, for the neutral and cation, are needed. This is in contrast with the situation in two-photon MATI where calculation of an excited-state potential-energy surface is needed. Considering that most of the volatile molecules can be probed by one-photon MATI, routine application of Franck-Condon analysis would be really beneficial to vibrational study of polyatomic cations.
ACKNOWLEDGMENTS
This work was financially supported by CRI, Ministry of Science and Technology, Republic of Korea. M.L. thanks the Ministry of Education for the Brain Korea 21 fellowship.
